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1.  ABSTRACT 

Spontaneous  downconversion  yields  photons  for  Quantum-Optical-Gate  development  though  their  generation  is 
probabilistic.  Optimized  efficiency  requires  control  over  the  spectral  wavefunction,  generally  achieved  via  spectral 
filtering  which  sacrifices  most  downconverted  photons.  Selecting  crystal  parameters  to  address  the  issue  has  been 
demonstrated,  but  no  natural  media  enable  this  for  800  nm  applications  with  optimal  detection.  Synthesizing  parameters 
with  super-lattices  of  known  crystals  was  also  analyzed  but  two-crystal  experiments  were  insufficient  to  exploit  it. 
Prototype  twelve-crystal-assemblies  have  now  been  fabricated  and  the  first  results  are  reported  here.  We  review 
implications  for  further  work  and  discuss  how  methods  described  here  enhance  efficiency  in  applications  of  entangled 
photons  requiring  multi-crystal  sources,  such  as  cluster  states,  entanglement  swapping,  and  teleportation. 

Key  Words:  quantum,  entangled  photons,  joint  spectral  function,  spontaneous  parametric  downconversion 

2.  INTRODUCTION 

Spontaneous  parametric  downconversion  (SPDC)  in  nonlinear  crystals  has  provided  the  source  of  groundbreaking 
foundational  and  applications  work  in  quantum  optics  (QO)  for  the  last  two  decades.  Experimental  demonstrations  of 
entanglement  in  photon  pairs  has  more  recently  become  of  interest  in  quantum  computational  architectures  that  operate 
by  principles  entirely  distinct  from  any  based  on  classical  physics.  In  contrast  with  other  applications  such  as  two-photon 
interference  in  Hong-Ou-Mandel  Interferometers  (HOMI)  or  quantum  cryptography/key  distribution,  all  of  the 
applications  the  applications  listed  first  require  multiple  crystal  sources  for  entangled  photons,  while  a  HOMI  and  some 
others  entail  a  single  source,  and  most  quantum  cryptography  implementations  require  only  single  photons,  not  entangled 
photons.  It  has  been  found  moreover  that  multi-crystal  sources  of  entangled  pairs  are  not  feasible  with  the  CW  pump 
lasers  that  were  used  throughout  the  original  QO  developments;  short  pump  pulses  are  essential  for  the  multiple 
interference  effects  to  be  realized.  The  temporal-spectral  information  inherent  in  pulses  however  affects  and  constrains 
the  quantum  interference;  the  effects  must  be  clearly  understood  to  enable  and  optimize  the  performance  in  practical 
applications. 

The  organization  is  briefly  outlined  as  follows:  We  first  describe  multi-crystal  interference  particularly  for  type  II  SPDC, 
with  key  implications  of  separable  quantum  states.  Next  the  significance  of  group  velocity  matching  (GVM)  in  such 
states  is  discussed.  Prototypes  of  new  methods  for  implementing  GVM  it  are  designed  and  assembled  so  that  initial 
spectral  tests  could  be  performed.  Finally  brief  mention  is  given  of  how  the  methods  can  be  generalized  to  increase 
control  of  the  SPDC  spectral  function,  to  enable  applications  in  regions  that  have  not  been  accessible  with  other  methods. 
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Add  amplitudes  that  yield  coincidence  count  events  in 
single  photon  detectors  in  the  most  general  case 
{a>yinDi)  and  in  D2) 

Two  paths  that  lead  to  to  this  event  via  Tx-Tx  OR  Rx-Rx 
are  Indistinguishable,  and  exhibit  quantum  interference  by 
nulling  the  coincidence  counts  .  (i.e.  photons  go  to  same 
detector.)  NOTE  that  high  spectral  entanglement  here, 
does  NOT 

produce  any  distinguishing  path  information  I 

Figure  1.  Hong-Ou-Mandel  Interferometers  ingle  SPDC  Source. 

In  an  application  of  photon  entanglement  it  is  essential  to  designate  which  photon  properties  (momentum,  energy 
(spectral),  polarization,  path,  or  time  etc)  in  a  given  configuration  are  to  be  entangled,  and  to  ensure  that  no  others  yield 
information  to  degrade  the  desired  entanglement.  Quantum  interference  relies  on  indistinguishable  amplitudes 
(“Feynman  paths”)  leading  to  an  event;  which  in  this  case  will  be  photon  pair  detection  in  coincidence  counting  modules. 
To  illustrate  first  with  the  HOMI  (Fig.  1)  where  two  photons  “meet”  at  a  BS  and  always  strike  the  same  detector,  to  null 
the  coincidence  counts.  An  ‘event’  may  be  reached  by  two  ‘pathways’  that  cannot  be  distinguished  and  the  calculation 
predicts  destructive  interference.  Such  a  simplified  single  mode  treatment  based  on  photon’s  bosonic  symmetry  is 
sufficient  for  conceptual  analysis,  but  not  to  describe  an  actual  experiment.  SPDC  photons  are  far  from  single  mode, 
even  when  the  pump  beam  is  CW  and  nearly  single  spectral  mode.  The  photons  in  SPDC  are  in  fact  emitted  as 
“wavepackets,”  with  finite  spectral  and  temporal  bandwidths  that  can  be  Fourier  transform  limited.  Each  photon  can 
exhibit  any  spectral  value  within  its  envelope!  Thus  to  explain  the  HOMI  effect  with  such  wavepackets,  it  must  be  clear 
that  the  spectral  properties  cannot  provide  distinguishing  information  as  to  the  noted  Feynman  event  paths.  (Fig.  2) 

CW  pump  laser  photons  "Infinitely*  long;  time  of  SPDC  events  Is  unknown. 

BUT  SPDC  photons  arc  wave-packets  with  finite  temporal  and  spectral  width 

>  A  A 

CW  photons:  long  In  time  Implies  Entangled  pair  photons  each  have  finite  spectral  -  temporal 

narrow  spectrum:  delta  function  8(w )  width  (e.g.  10  Is  <->  10  nm)  YET  narrow  JO  I  NT  spectra  I  width 

due  to  exact  conservation  of  photon  energy  Thus  the 

JOINT  SPECTRAL  FUNCTION  of  photon  pair  is  given  as 

F(toutD2)  =  S(ml  +at2  -®,)=  8(v,  +  v,) 
where  vt  z  ■  -\<oF 

Figure  2.  Photon  wavepackets  generated  with  CW  Pump. 

It  is  emphasized  that  it  is  not  relevant  whether  the  spectral  detections  are  carried  out,  it  matters  only  that  the 
measurements  could  in  principle  be  made;  i.e.  it  is  possible  events  and  not  actual  ones  that  determine  the  quantum 
amplitudes  used  to  calculate  (probabilistic)  experimental  results.  Spectrally  resolved  single  photon  detection  is 

cumbersome  and  seldom  carried  out,  but  it  could  be  using  dispersed  arrays  of  single  photon  counters. 


DeUy  T 
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PI  D2  D3  D4 


Q  Q  Q  Q 


QUESTION 

IF  pnd  wj  p'txI  Sw j  prxi  wj  CTe  entangled. 

Car  W2  ami  be  entangled  after  B.S  as  in  HOMI? 
Aim^oc^AincfKNf:  ,a^)=  ^  +  ^) 


foumoii 

A.  Eliminate  the  distinguishing  jpatfral  Intomrcrtlnr  I 

B.  Carnot  use  a  CW  pump  laser;  must  use  short  pump  pulses, 

which  have  broad  spectnm 

CL  Then  tailor  the  source  crystali&J  to  Yield  a  JOINT  SPECTRAL  FUNCTION 
wtth  required  separable  properties. 

General  TwctPhoton  WavafiintfJpr 

\v)  =  K\\d<otda>,a(as+al)$(<os,a}^\a),)\(oi) 

0  0 


Figure  3.  Spectral  distinguishalitty  in  multi-source  entangled  photon  interference. 

We  return  to  the  problem  of  critical  interest;  how  to  make  use  of  many  independent  photon  sources,  essential  to 
producing  more  than  two  entangled  photons  or  two  qubits!  A  first  step  is  to  replace  a  CW  pump  source  with  short  pulses 
that  have  a  broad  spectrum  and  well  defined  pair-creation  time  intervals,  which  can  effectively  overlap  from  many 
sources.  This  approach  enables  but  does  not  yet  optimize  the  process  efficiency  and  purity  of  quantum  interference.  For 
that  an  analysis  of  distinguishing  information  is  required,  particularly  the  photons’  spectral  state  function.  To  eliminate 
path  distinction,  spectral  state  information  regarding  A  must  yield  no  identifying  information  regarding  B.  This  is  the 
case  as  explicitly  shown  by  Grice  [1],  when  the  two-photon  state  probability  distribution  is  separable  into  a  product  state 
for  each  photon  i.e.  F(vsVi)  =  f  (vs)g(vi)  .  In  that  case  knowledge  of  the  value  of  Vs  provides  no  influence  the  value 

ofVz  !  This  contrasts  (Fig.  3)  with  a  CW  pump  spectral  function  8(vs  +  Vi),  where  knowledge  of  Vs  determines  Vs 

exactly;  this  state  is  not  separable  in  frequency.  Thus  the  issue  becomes:  how  to  generate  separable  spectral  states  that 
can  be  realized  in  SPDC?  The  most  direct  example  would  be  the  product  of  spectral  bandpass  filters  placed  before  the 

detectors,  to  contribute  spectral  response  of  the  form  f  (y^giy^)  •  However  this  is  only  realizable  in  practice  if  the 

spectral  form  contribution  of  the  pump  photons  and  the  crystal  contributions  are  neglected,  since  the  latter  two  are  in 
general  not  separable!  However  if  the  filters  are  sufficiently  narrowband,  their  form  factor  predominates  and  makes  the 
(separable)  Gaussian  filter  product  a  good  approximation  to  the  experimental  distribution. 
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Multi  Source  Configurations  that  have  been  used  for  multi-photon  cluster  state  generation 


Figure  4.  Experimental  configuration  for  the  generation  of  entangled  photon  cluster  states. 


This  is  indeed  how  nearly  every  multi-source  experiment  (Fig.  4)  to  date  has  achieved  the  required  separability, 
sometimes  without  explicit  awareness  thereof  [2,  3].  Unfortunately  the  vast  majority  of  entangled  photons  are  necessarily 
discarded  in  this  process.  There  is  however  another  way  to  achieve  the  desired  results  without  any  spectral  filtering,  and 
avoid  the  losses  entailed.  It  was  also  shown  [4]  in  the  analysis  that  if  the  crystal  spectral  function  has  a  particular  form 
then  its  product  with  the  pump  spectral  function  can  become  separable,  though  neither  of  the  two  alone  meets  that 
condition.  A  simplified  calculation  is  illustrated  (Fig.  5). 


Joint  Spectral  Function 


cos  and co,  are  maximally  entangled 
and  co3  value  determines  that  of  cd, 


gauss [cD.JgaussfcDj]  is  seperable;  and 
cos  value  yields  NO  information  as  to  CDj. 
BUT  this  function  is  not  physically 
realizable  in  SPDC  experiments. 


Thi  s  spectral  function  i  s  seperabl  e: 
There  is  no  entanglement; 

and  it  can  be  experimentally  realized. 


-2  vP'  -2 

= e  s  e  1 


NOTE:  circular  symmetry  is  NOT  related 
to  factorizability.  e.g.  CIRC(x2  +  y2)  is 
symmetric  but  is  NOT  factorable! 


Gauusian  Pulse  Pump  Function 

a=e-YM»l 

SPD  C  Crystal '  s  Phase  Matchi  ng  Function  (  PM F) 

$  =  Sin:[y£  {v,(k -k)-v  -(*;-*;))] 
^Approximate  PMF {matching  width  of  Gauss  +±Sinc) 

where  kp:i  are  group  velocity  parameters  of  crystal 
for  pump,  signal,  idler  photons. 


GROLP  VELOCITY  MATCHED 
If  we  let  fr,=i(fc'+A;') 

Then  <j>GVM  — >  e  K'C°:  °1'  and  the 

Spectral  Function  OL'(j>-  e~q  °z  e  q°l 
becomes  seperable  and  symmetric, 

IF  the  crystal  length  L  is  set  such  that 

y^  =  yt[rL\ks-k,)\ 


Figure  5.  Joint  spectral  functions  for  CW  pump,  BBO  under  broadband  pump  and  ideal  GYM  case. 
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Rather  than  the  most  general  case  we  consider  the  central  one  only  that  of  exact  group  velocity  matching.  This  means 
simply  that  the  crystal  dispersive  parameters  are  such  that  the  pump  pulse  velocity  matches  that  of  the  (type  II)  photon 
pair’s  (average)  velocity.  Since  then  several  experiments  [1]  were  able  to  demonstrate  such  states  with  selected  non 
linear  crystals  in  the  1.5  um  regime.  No  known  crystals  enable  GVM  for  applications  at  ~  800  nm  or  shorter 
wavelengths,  where  much  of  the  quantum  optics  work  is  centered  and  where  photon  detectors  exhibit  the  highest 
quantum  efficiency  (>90%)  without  cryogenic  operation.  Accordingly,  the  focus  of  this  work  is  to  demonstrate  how 
GVM  crystals  at  arbitrary  wavelength  ranges  can  be  “synthesized”  by  properly  combining  segments  of  known  crystals. 

3.  MUTLI-CRYSTAL  LATTICES 

The  illustration  Fig  3  bears  some  resemblance  to  ‘quasi-phase  matching’  (QPM),  but  it  is  crucial  to  understand  difference 
as  well  as  similarity  to  the  methods  pursued  in  this  work.  In  QPM  calibrated  periodic  poling  reverses  the  sign  of  the 
nonlinear  coefficient  such  that  the  periodicity  effect  can  compensate  for  the  phase  mismatch,  in  a  medium  which 
otherwise  could  not  exhibit  ‘non-critical’  phase-matching.  But  here  the  NL  (BBO)  crystals  are  already  phase  matched;  it 
is  the  group  velocities  which  must  be  made  to  match  as  well.  This  can  be  viewed  as  a  generalization  of  phase  matching 

to  include  overlap  of  the  photon  propagation  vectors  keo  p  =  with  the  phase  being  the  zero  order  term  in  that  Taylor 

expansion,  and  (inverse)  group  velocity  the  first  order  term.  Unlike  QPM  however,  GVM  cannot  be  synthesized  in  a 
single  medium,  two  or  more  media  with  proper  complementary  properties  are  required  for  a  “compensated  assembly”  [5, 
6].  Though  physical  difficulties  delayed  earlier  investigations,  progress  in  crystal  fabrication  has  brought  the  feasibility 
and  cost  within  reasonable  range  (Fig.  6). 

Type  II  Custom  Compensated  Assembly 
(10  layers  BBO  (red)/ 10  layers  Calcite  (blue)) 


Group  Velocity  Matched 

Pump  photon  in  BBO  travels  fester  than  SPDC  wavepactefe, 

which  Is  ihtfrfmerwd  In  each  calcite  segment.  In  the  thin 
crystal  limit,  GVM  approaches  the  measurable  limit. 


Figure  6.  Type-II  custom  assembly  showing  alternating  BBO  and  calcite  segments. 

The  orientation  of  the  crystal  phase  matching  function  (PMF)  is  determined  by  conservation  of  momentum  for  the 
propagation  components  along  the  respective  crystal  axes.  Note  that  for  a  photon  the  momentum  in  a  medium  is  simply 
P=nk  where  the  index  of  refraction  n  embodies  the  medium’s  propagation  effect.  The  width  or  spread  in  this  case  is 
inversely  related  to  the  crystal  length  and  is  orthogonal  to  that  of  the  pump  function.  A  special  case  of  GVM  can  be  met 
when  the  slope  of  the  crystal  function  becomes  exactly  orthogonal  to  that  of  the  pump  function  and  the  widths  of  the 
pump  and  crystal  functions  are  engineered  to  be  equal  so  as  to  yield  a  separable  state.  The  more  general  conditions 
(Fig.7)  involve  symmetry  about  a  vertical  (or  horizontal)  axis.  Any  asymmetry  means  that  a  spectral  detection  of  one 
photon  (e.g.  signal)  provides  spectral  information  regarding  the  idler  photon.  To  modify  the  orientation  (or  shape)  of  this 
distribution  one  could  add  components  (spectral  filters),  select  a  different  source,  or  modify  the  effective  source. 
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Arbitrary  orientation  of  PMF 

When  (3VM  can  be  achieved  special  applications  are 
enabled.  In  a  lone;  crystal  one  Is  known  as  the  frequency 
correlated  state  |  F.C.S.>  ;  Photon  pair  members  detect  at 
identical  frequency,  though  each  photon  is  broadbandl 


Figure  7.  Arbitrary  possible  orientations  of  the  crystal  function  with  crystal  assembly  configurations. 

The  method  we  develop  in  this  work  makes  use  of  custom  crystal  assemblies  (Fig.  6).  Each  thin  (nonlinear)  BBO 
segment  is  alternated  with  a  (linear)  medium,  which  is  also  birefringent  but  not  phase  matched  hence  does  not  generate 
SPDC.  Its  purpose  is  to  reverse  the  effect  of  pump  pulse  velocity  mismatch  in  BBO  compared  with  that  of  the  SPDC 
two-photon  wavepacket.  Calcite  has  been  identified  as  one  of  very  few  crystals  which  meets  this  condition  for  this  effect 
at  800  nm  (400  nm  pump  and  shorter).  For  sufficiently  thin  segments,  GVM  is  nearly  satisfied  throughout  the  assembly, 
and  deviation  from  the  ideal  case  can  be  calculated  from  the  actual  thickness  used. 

Compensated  Assembly  (with  spacers) 

W  Quantum  State  Tomography 

Theoretical  Experimental 

405  nm  doubled 
ThSapphlre  Laser 


Figure  8.  Output  entangled  rings  and  tomography  for  initial  custom  assembly  under  broadband  pumping. 

Our  initial  measurements  of  the  polarization  state  tomography  illustrated  in  Fig.  8  deviated  from  the  theoretical 
expectation.  Further  measurements  on  these  prototype  assemblies  will  be  required  to  resolve  this  in  future  work. 
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Type  II  non  co-linear  downcon version 

1  mm  Type- 1 1  BBO  (single  crystal)  Type-ll  BBO  (Five  200  pm  crystal  stack) 


1  mm  BBO  type-ll  Custom  Assembly  type-ll 

1  mm  type-ll  CW  pump  Ti:Sapphire  100  fe  pump _ ThSapphire  100  fs  pump 


I  • 


Spectral  width  -  125S  nm  Spectral  width  -  9.29  nm  Spectral  width  =  9^5  nrn 

Loss  msasuremsrrt  from  Inserting  a  2  nm  spectral  bandpass  filter;  dB 

1  mm  BBO  Spectral  width  calculated:  S.82  nm 
BBO-Calclte  assembly  spectral  width  calculated:  10.47  nm 

Figure  9.  Images  of  Type  II  polarization  entangled  photons  and  spectral  data. 

3.1  ARBITRARY  CONTROL  OVER  PHASE  MATCHING  FUNCTION  ORIENTATION 

We  have  focused  on  the  establishment  of  GVM  because  of  its  wide  utility,  but  the  flexibility  of  the  segmented  methods 
can  be  also  extended  to  other  application,  in  fact  it  can  produce  arbitrary  orientations  of  the  PMF  (Fig.  7).  To  define  this 
we  may  view  the  GVM  condition  as  a  special  case  of  a  spectral  function  oriented  at  45  degrees.  Note  that  pump 
orientation  is  always  about  -  45  degrees.  The  PMF  orientation  can  be  rotated  to  any  angle  by  simply  adjusting  the  ratio 
of  segment  length  between  BBO  and  Calcite,  something  which  cannot  be  done  with  other  known  methods  for  which 
special  applications  have  already  been  identified  in  prior  work  [5,  6]. 

3.2  FREQUENCY  CORRELATED  STATE 

When  GVM  can  be  achieved  in  practice  other  applications  are  enabled,  one  such  is  known  as  the  frequency  correlated 
state.  In  this  case  the  photon  pairs  are  always  detected  with  identical  frequency,  although  each  photon  is  broadband. 
Several  applications  have  been  identified  [6,  7].  In  the  case  of  type  II,  the  GVM  crystal  must  be  made  relatively  long, 
since  the  value  of  L  determines  the  joint  spectral  width.  Single  crystal  experiments  have  been  performed  at  1.55  nm,  but 
none  at  800  nm  for  the  reasons  mentioned,  that  no  such  crystals  exist.  The  multi-crystal  assembly  offers  an  in  principle 
approach  to  attempt  this  results  in  Fig.  8,  9,  but  the  number  of  crystal  segments  required  is  quite  large.  In  comparison 
about  12  have  been  demonstrated  in  this  work,  whereas  at  least  50  would  be  needed  for  a  high  fidelity  GVM  and  well 
over  100  would  be  needed  for  a  FCS. 
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4.  SUMMARY 


-  The  effects  of  various  types  of  photon  entanglement  must  be  understood  before  optimizing  SPDC 
sources  for  applications. 

-  Pulsed  pump  sources  are  essential  for  multi-source  applications  of  entangled  photons.  Control  over 
spectral  entanglement  (and  disentanglement)  can  enable  order  of  magnitude  improvement  in  efficient 
yield  entangled  pairs. 

-  Properly  designed  multi-crystal  sources  enable  Group  Velocity  Matching  to  be  synthesized  in 
regimes  where  no  natural  media  are  available. 

-  Generation  of  “Frequency-correlated  photon  states,”  is  also  enabled  by  GVM  assemblies,  not 
presently  feasible  with  other  methods  near  800  nm. 
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